This paper describes the first experimental validation of transfer function modeling and active stabilization for axial compressors with circumferential inlet distortion. The inlet distortion experiments were carried out in a three stage low-speed compressor. Theory-experiment comparisons of steady performance, unsteady stall precursor, and forced response (transfer function) data were all used to assess a control-theoretic version of the Hynes-Greitzer distorted flow model. The tests showed good agreement between theory and data and demonstrated that a priori predictions, based on geometry and steadystate performance data, can be used to design control laws which stabilize rotating stall with inlet distortion.
Abstract
This paper describes the first experimental validation of transfer function modeling and active stabilization for axial compressors with circumferential inlet distortion. The inlet distortion experiments were carried out in a three stage low-speed compressor. Theory-experiment comparisons of steady performance, unsteady stall precursor, and forced response (transfer function) data were all used to assess a control-theoretic version of the Hynes-Greitzer distorted flow model. The tests showed good agreement between theory and data and demonstrated that a priori predictions, based on geometry and steadystate performance data, can be used to design control laws which stabilize rotating stall with inlet distortion.
Based on these results, active feedback control has been used to stabilize the inlet distortion induced instability associated with rotating stall onset. The stabilization allowed stall free operation to be extended below the natural (distorted flow) stall point by up to 3.7% for a 0.8 dynamic head distortion. For a 1.9 dynamic head distortion, 40% of the mass flow range lost due to inlet distortion was regained through active control. The paper elucidates the difficulties associated with active control with distortion, and introduces a new control law that addresses many of these challenges.
Introduction and Problem Definition
The detrimental impact of distortion on compressor stability is well documented, both qualitatively and quantitatively [18, 13] . Stall and surge safety margins can be severely degraded by inlet separation and other sources of inlet flow nonuniformity. As such, a substantial percentage of the stall margin built into a compressor design specifically addresses the effects of inlet distortion. Further, especially in military engines, distorted flow is typically the situation under which instability is encountered.
The concept of active stabilization to improve compressor operating range has received wide attention (see for instance [4, 3] ), but a key question is whether improvements in operating range can be obtained by active stabilization in the presence of inlet distortion. Prior to this study, active stabilization of rotating stall has been demonstrated exclusively under "clean" inlet flow conditions -that is, steadystate operation of the compressor with circumferentially uniform flow.
Circumferential distortion creates a nonaxisymmetric flow field in the compressor that fundamentally changes the nature of the control problem to be addressed. The nonuniform medium through which prestall waves travel causes more complex wave dynamics than in undistorted flow, because circumferential sinusoids are no longer eigenmodes of the flow in the compressor annulus. The implication for control is that the system can no longer be viewed as a parallel interconnection of single-input [7] . With distortion the system is inherently multiple-input multiple-output (MIM0).
Two related techniques will be brought to bear on control of compressors with inlet distortion in this paper. The first is modeling of the unsteady compression system behavior, which began with the work of Moore [15] and Moore and Greitzer [16] . In these papers, hydrodynamic stability models for rotating stall in compressors without distortion were derived. Based on this work, Longley [11] , Hynes and Greitzer [8] and Chue et al. [2] extended the model to the case with inlet distortion, and showed that many of the experimental features of distortion were captured by the method. We have further extended this model to include the effects introduced by Haynes et al. [7] , as well as forcing, and developed a statespace model for actuated compression systems with inlet distortion.
The second set of methods we will apply are those of system identification and control theory. By incorporating high-bandwidth, distributed actuation into an experimental compressor, we are able to assess the fluid dynamic model more rigorously than has been possible in the past. We will capitalize on the measurements of Haynes et al. [7] to build a predictive model of the effects of distortion, and verify this model through system identification. We will then investigate the effectiveness of various control schemes to stabilize rotating stall and increase the compressor stable operating range with distortion.
The paper is organized as follows. After briefly reviewing the effects of inlet distortion and describing the experimental setup, we verify our extension of the model of [8] against a detailed set of steadystate, unsteady, and input-output data. Second, we elucidate the main features of the active stabilization problem when distortion is present. Finally, we demonstrate that active stabilization can be achieved with distortion, and quantify the gains attained in the our experiment.
Compressor Response to Small Perturbations
The bask tenet of the work described here is that instability and subsequent growth of small perturbation traveling waves leads to fully developed rotating stall. We thus briefly describe compression system response to these small perturbations.
Uniform Flow
We start with a conceptual description of the compression system without distortion. Figure 1 shows the compressor annulus unwrapped into a 2-D setting, as is valid for compressors with high hub-totip radius ratio. The compressor is modeled as a high solidity semi-actuator disk. The flow in the upstream duct is considered irrotational, and the flow in the downstream duct is rotational but linearized (see Lavrich [10] for experimental justification of these assumptions). A plenum exists downstream of the compressor, but the dynamics associated with the plenum do not interact with the (linearized) rotating stall dynamics if there is no inlet distortion. A detailed description of the analysis for uniform flow can be found in Haynes et. al [7] .
The flow variables at the compressor face can be expressed as Fourier series. For example, the axial velocity coefficient (0 at the compressor face is given by 0(0,0= E 0,,(t)em e (1) n= -Co where 0 is the axial velocity divided by the wheel speed cn ium 0 is the angle around the annulus, t is time, and 0 denotes the Fourier coefficients. If the flow far upstream is uniform, there is no coupling of waves of different harmonic number. In this situation Moore [14] has derived a simple relationship which holds independently for each of the Fourier coefficients of the unsteady perturbations: In Equation (2) 110 -1 is the slope of the compressor deb total-to-static pressure rise characteristic, 6(1)" is the nth harmonic of the perturbation 60(0) = 0(0)with (0," the steady state flow, and A and p are parameters which quantify the inertia in the blade row passages. The left-hand side of the equation captures the impedance characteristics of the flow fields upstream and downstream of the compressor face (see Moore [15] or Longley [12] for a full derivation). The important thing to note is that the slope of the pressure rise characteristic, I* in Equation (2), is uniform around the annulus of the compressor, so that 041.0" effects only the nth harmonic, and there is no coupling between circumferential harmonics.
Inlet Distortion
When inlet distortion is present, the picture is quite different. The compressor time mean pressure rise and axial velocity are nonuniform in O. The nonuniform velocity field, which now needs to be computed, is the background environment in which the small unsteady disturbances that lead to instability propagate.
Hynes and Greitzer [8] derived the following description of distorted flow in a compressor, which must be satisfied by the steady state axial velocity coefficient at the compressor face:
This is the nonlinear condition satisfied by the steady-state velocity field 48 (0) at the compressor face. Op is the plenum pressure, which is set by the throttle constant kt and mean compressor flow (Op = 1 kyi2 )• 1 ,14:usi is the total pressure distortion, determined by the loss through a screen or otherwise specified. Note that the linearized compressor characteristic in Equation dynamics (Equation (2)) is thus modified as follows:
In Equation (4) li n evaluates the nth harmonic of the product in brackets, which is evaluated at cart 0 in the spatial domain. In [8] this term was given as a convolution sum; it involves all of the harmonics of both and 60. The central point and the essential difference from the uniform flow situation is that the Fourier harmonics are coupled through the interaction of 41 0 and 60, which are both functions 0/ 9. The eigenmodes of the system, i.e., the perturbations which grow into rotating stall, are no longer sinusoidal in 0, and the modal control approach described in Paduano et al. [17] and Haynes et at [7] for uniform background flow becomes difficult.
We will have more to say about the control problem with distortion in a later section; here it suffices to give a pictorial example and a qualitative description of the behavior. Figure 2 defines the magnitude and extent of a square total pressure inlet distortion introduced far upstream of the compressor.
Using Equation (3) and knowing the geometry and uniform flow pressure rise capability of the compressor, we can solve for the steady-state velocity profile at the compressor face, as shown in Figure 3 least stable eigenmode of the dynamic system described by coupling Equation (4) and the plenum response is pictured in Figure 4 . Several realizations of the wave as it travels around the compressor annulus are shown, with the eigenmode pictured for the mass flow at which it is neutrally stable. For uniform inlet flow, this picture would be a first harmonic sinusoid translating around the annulus, but we now see a wave shape which changes as it travels around the 240 300 380 4 annulus. The modeling, identification, and stabilization through active control of this and other complex eigenmodes are the subject of this paper.
Experimental Design and Setup
The MIT three-stage low-speed (tip Mach number = 0.2) active control research compressor was modified to study inlet distortion by adding an inlet duct extension and distortion ring. Figure 5 shows, from left to right the following elements of the rig: 1) the distortion ring, which is designed so that the distortion screen can be slowly rotated to enable high spatial resolution distortion measurements; 2) the inlet duct extension, which was incorporated to decouple the potential flow effects of the distortion screen and the compressor; 3) the inlet guide vanes; 4) the 12 servo-controlled guide vanes, which are driven by independent computer-controlled servo motors -the incidence of these vanes can be commanded at a bandwidth of approximately 100 Hz (2.5 times rotor frequency); and 5) the three stages of the compressor. Table 1 gives nondimensionalized parameters which describe this system; these parameters were measured by Haynes [6, 7] , and were used to develop a priori models for the system with inlet distortion. The parameters required for the model are divided into three categories in Table 1 : geometric parameters, measured pressure rise characteristics, and two additional parameters determined by Haynes, reaction r and characteristic time constant Tf associated with loss generation. The theoretical value of 77 is between 1 and 2. The actual value was determined from system identification results (see Haynes et al. [7] and Van Schalkwyk [20] ). Varying the value from r = 1 to rf = 2 does not significantly affect our predictions.
The distortion screens were designed to represent "worst case" distortions encountered in practice [18] . A circumferential extent (see Figure 2 ) of 120 degrees was used for both distortion screens tested. The first screen imposed a distortion magnitude (also defined in Figure 2 ) of 0.8 dynamic head, that is, k -Apt -08 where is the mean axial velocity, ap t is the drop in total pressure across the screen, and p is the air density. Because the effect on stalling flow coefficient and peak pressure rise due to this distortion was relatively small, a second screen which imposed a 1.9 dynamic head distortion was also tested.
A parameter often used to assess the severity of inlet distortion is the DC(60) descriptor (see Williams [21] spective stalling flow coefficients the 0.8 and 1.9 dynamic head distortions correspond to DC(60)=0.53 and DC(60)=1.31 respectively, so that these are severe in terms of practical situations.
Model Assessment
In this section we compare predictions of the atended Hynes-Greitzer model to three types of experimental data. First, steady-state performance is compared to that predicted by the model. Second, the unsteady behavior of prestall waves is studied and compared to predictions. These two comparisons have been done before, most notably by Longley [11] . The third set of comparisons, however, are more informative as regards to dynamic response, and these have not been performed before. These are comparisons of the transfer functions between control guide vane deflection waves and measured waves of axial velocity in the compressor. The comparisons tested the full range of frequencies, spatial harmonics, and input-output characteristics modeled.
Steady-State Performance with Inlet Distortion
The first comparison is the steady-state predicted velocity profile. The velocity profile at the compressor face for the 1.9 dynamic head distortion has been given in Figure 3 . The hot-wire measurements are taken approximately 0.6 rotor radii upstream of the compressor face, and at this location the velocity profile is much different (see Van Schalkwyk [20] ). The velocity profiles can be used to compute the pressure rise delivered by the compressor at any flow coefficient and thus to generate speed lines with distortion. Figure 7 shows the measured and predicted compressor characteristics for 0.8 and 1.9 dynamic head distortions. The 1.9 dynamic head distortion reduces the operating range by 4.3% and the compressor pressure rise by 8%. Figure 7 also shows the uniform inlet data and the polynomial curve fit given in Table 1 and used as one of the model inputs. Both measured and predicted characteristics are terminated at the "no control" stall point. To determine the stall point using the model, an eigenvalue analysis is performed at each flow coefficient; the minimum flow coefficient for which all eigenvalues are stable is taken as the stall point.
Note how well the Hynes-Greitzer model predicts degradation in stall margin for a 0.8 dynamic head distortion. This prediction capability is by itself a valuable feature of the model. For a 1.9 dynamic head distortion, the model is less accurate. One reason may be that the compressor characteristic is steeper than predicted at flow coefficients below stall. This part of the compressor characteristic cannot be measured, so the potential error tends to increase with larger distortions, which access lower flow coefficients over part of the annulus (as shown for example in Figure 3 ).
Unsteady Behavior at Stall Inception (Unforced)
It is instructive to examine the unforced unsteady behavior for two reasons. First, it shows how theoryto-experiment comparisons can be made even for unforced experiments [11] . Second, however, we can see the shortcomings associated with measuring system dynamics in the noisy compressor environment without a known forcing input. Figure 8 gives the spectrum of the zeroth and first spatial Fourier coefficient immediately prior to stall for the 1.9 dynamic head distortion. Three features can be noted in these spectra. First, the most unstable eigenvalue, represented by the resonant peak at roughly 0.42 of the rotor frequency, res- onates in both the zeroth and the first spatial Fourier coefficient. Coupling into the second and third spatial harmonic is also predicted and measured; but the fact that the zeroth spatial harmonic also participates in the mode is particularly important. This coupling of surge-type and rotating stall-type perturbations makes surge-type dynamics important in determining compressor stability. Chue this effect, and showed that when this resonance occurs compressor stability degrades.
The second feature of note in Figure 8 is the peak at negative frequency at the frequency magnitude of the eigenvalue. As described in Tryfonidis et al. [19] , this indicates that the spatial wave is oscillating in amplitude as it rotates around the annulus. The graphs in Figure 9 show why this occurs. As the spatial wave encounters the region of high flow and negative compressor slopeli ft (stabilizing), the amplitude of the wave decreases. In the region where the slope is positive (destabilizing), the wave grows. This occurs once per revolution of the wave and the resulting pulsation shows up as a negative frequency component in the spectrum. The peak of the envelope occurs approximately where the slope changes sign from positive to negative. Figure 9 also shows the experimental envelope of RMS axial velocity fluctuation, and compares this to the ftMS amplitudes given by the model. Qualitative agreement is obtained between Experimental and theoretical results, but the data is quite noisy.
The third observation in Figure 8 is the large peak at rotor shaft frequency and the smaller peak at 0.58 of the rotor frequency. The peak at one rotor revolution is not predicted by the model and we associate it with a nonuniformity of the rotor blade geometry. This peak is observed in uniform flow but is more pronounced in the presence of distortion. The peak at 0.58 indicates interaction between the first mode and the rotor shaft frequency disturbance (0.58 = 1 -0.42). There is also a small peak at 1.42 = 1 + 0.42 in the PSD of the first harmonic (bottom graph of Figure 8 ). The interaction between the first mode and the rotor frequency is also not predicted by the model; this type of behavior is characteristic of nonlinear systems.
Input-Output Behavior of the Actuated Compressor (Forced)
A more complete comparison of model and data can be obtained by performing forced-response experiments. These allow the linearized dynamics to be examined as functions of both spatial and temporal frequency. Eigenvalues can be identified as the peaks 0 60 120 180 240 3 360
[Degree] in the transfer functions, and cross-coupling between spatial harmonics can be quantified. The transfer function information can also be used for design of control laws.
A brief explanation of the input-output system is in order. The 12 control vane deflections represent a "wave" of actuation which forces the compressor unsteady aerodynamics. This wave can be decomposed into spatial Fourier coefficients, just as the axial ve- ( 7) where 67 is the deflection from the mean position, measured in radians. Actuation of the zeroth, first, second, and third Fourier coefficient can be introduced and the responses of 64" (n = 0,1,2,3) can be measured. Thus there are 16 transfer functions which can be measured and compared to the theory. Transfer functions are identified using sinusoidal excitation at discrete frequencies, to improve the signalto-noise ratio. A full MINI° transfer function estimate is made at each frequency, regardless of whether distortion is present. See Van Schalkwyk [20] for further details on the system identification procedures. Figure 10 gives a representative subset of the 16 identified transfer functions for a mass flow coefficient of g, = 0.5. This is approximately 17% above the stalling flow coefficient so that we expect the system to exhibit behavior that is well damped. Results for both uniform flow and inlet distortion are shown. Actuating the nth harmonic 651,., and measuring the mth harmonic 60", is denoted by fin --+ 60,,,. In Peaks in the transfer function magnitudes indicate lightly damped modes at which the system will tend to resonate. The magnitude of the measured transfer function from 65 1 501 has a small peak at approximately 0.38w, while the theory gives the peak at 0.4044. The corresponding eigenvalue in the uniform flow transfer function is highly damped (although an eigenvalue is still present as indicated in the phase plot). This shows that at the same flow coefficient, distortion causes a significant decrease in damping. The peak at 0.38w, is visible in the magnitude of the distorted flow 650 500 transfer function, indicating that the zeroth harmonic is also present in the first eigenmode. show that the cross transfer functions remain at very low levels (roughly 20 dB below the distorted flow results) and show no coherent magnitude or phase behavior. This implies that the cross coupling is a feature of a linear fluid system with a non-uniform mean flow rather than an effect of nonlinearity. For the 1.9 dynamic head distortion, the amplitude of Finally, Figure 11 shows the predictive capability of the model across the entire operating range where transfer functions can be measured. Here, the evolution of the .551 -> JØ I transfer function from very stable to slightly unstable is shown. Once again the main features of the response are well captured. The eigenvalue and zero frequencies of the real system increase in frequency with respect to the model as flow coefficient is reduced, and the zero is less stable than the theory says. Nevertheless, the dynamics have been represented well enough for control purposes. 
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Features of the Control Problem with Distortion
The experimental results shown above provide a backdrop for describing active stabilization with distorted flow, particularly the challenges that exist compared to undistorted flow. There are several features of the distorted flow control problem that need to be addressed.
One of these, the coupling between spatial harmonics, has already been mentioned. In uniform flow each spatial harmonic is an eigenmode, and evolves according to a single eigenvalue equation. With distortion, however, each spatial harmonic participates in more than one eigenmode. A corollary is that commanding a given spatial harmonic in guide vane deflection affects many other spatial harmonics; the system is fully coupled and multi-input multi-output.
Feedback laws must therefore account for all spatial harmonics, including the zeroth order (surge type) disturbance, simultaneously rather than one at a time.
Another feature of distorted flow is that the poles and zeros become unstable more abruptly as a function of flow coefficient compared to uniform flow. This is because much of the compressor is experiencing flow values well below the values at which uniform inlet flow would be unstable and the local flow is strongly destabilized in this region. The most unstable pole and zero as a function of distortion extent are shown in Figure 12 , based on results of the model described earlier. We see that the pole is unstable (positive real part) over a large range of distortion extents. 
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Pole Zero spatial orientation so that a control policy different from that used in uniform flow may be necessary. Distortion control laws must account for both the orientation of the disturbance wave and the orientation of the inlet distortion. Further, a control law which depends on the distortion proffie must maintain some "robustness" to its orientation and shape, because these typically are not well known. 00 120 1130 240 300 MO Distortion Extent (degree) Figure 12 : Effect of distortion extent on the most unstable pole and dominant zero. = 0.465, 1.9 dynamic head distortion. Results from model. Figure 12 is the zero location associated with the multi-input multi-output transfer function. This zero has a a positive real part, and is known as a "nonminimum phase zero." Such zeros severely degrade the ability of feedback control to stabilize the system [3] . Although this zero location depends on the choice and placement of actuators and sensors, the main issue is that for the actuator/sensor configuration used here distortion degrades the control problem.
Also shown in
Distortion also appears to have an impact on the background noise level in the compressor, perhaps due to the part of the annulus operating at positive slope amplifying random fluctuations in the flow. Whatever the cause, the RMS of random axial velocity fluctuations with 1.9 dynamic head distortion are about twice those in uniform flow. Increased noise levels cause the actuators to work harder than they otherwise would, and make determining the location and size of unstable waves more difficult. They also increase the likelihood of nonlinear events which are not accounted for in the control law design procedure.
The final feature of the control problem with inlet distortion is its spatial character. With uniform flow, the circumferential orientation of the compressor is arbitrary and control laws do not depend on orientation with O. Inlet distortion creates a definite
Control Law Design and Implementation
The results of the model-to-data comparisons imply that a first-cut control law can be designed based on the physical description provided by the model. A control law was thus designed using the Linear Quadratic Gaussian (LQG) design approach [9] . This approach was successful at stabilizing rotating stall, but because of the inherent lack of robustness in such control law designs, performance was poor. The mass flow operating range extension afforded by LQG control was 1.1%, or 26% of the operating range lost due to a 1.9 dynamic head distortion. For a 0.8 dynamic head distortion the LQG controller increased the stable flow range 1.5% below the open loop undistorted flow stall point.
The primary drawback of an LQG control law (or any direct model-based control law) is sensitivity -one must know the circumferential location, magnitude, and extent of the inlet distortion before a control law can be enacted. The LQG controller maintained its peformance for an 80 degree range of distortion locations but outside this range, the control law actually destabilized the system.
One therefore expects a trade-off between range extension and insensitivity to distortion location. Table 2 lists the control laws tested in order of sensitivity to distortion location. The poor performance of LQG control reflects its sensitivity to other modeling errors as well.
The next control law shown is the SISO harmonic feedback (HF) controller experimentally optimized by Haynes [7] , with additional cross-feed channels introduced to account for coupling between harmonics. This controller will be referred to as harmonic feedback plus coupling (HFC). Figure 13 gives Figure 13 : Cross-coupled harmonic feedback control law. Cross coupling between harmonics that did not lower the stalling flow coefficient are shown with dashed lines. a functional block diagram as well as numerical values for the control scheme used. The cross-feed channels introduce coupling with a spatial orientation. This control law is thus also sensitive to distortion location, although it might be considered less sensitive than LQG control because fewer cross-feeds exist than in the LQG controller.
To arrive at the RFC gains in Figure 13 , a procedure similar to that employed by Haynes was used Gains are initially chosen to be as high as possible without saturating the system. Then the phases are chosen by experimentally testing the range extension afforded by each choice of phase. The feedback paths are added sequentially, and each one is optimized with the preceding gains fixed. Experience and additional experiments govern the order that feedback paths are added. In this case the direct gains are optimized first, followed by the cross-feed gains. Attempts were made at optimization of several other cross-feed channels, but no additional range extension was provided by these. Final gain adjustments are made after the phase optimization.
This controller's performance can be compared to the original SISO harmonic feedback controller designed by Haynes [7) , which would be represented by Figure 13 with all cross-feed channels set to zero. This control law is completely insensitive to distortion location but, because it does not account for coupling, is not as effective as the cross-coupled control law. (See Table 2 .)
The final control law, termed distributed feedback (DF), measured the entire shape of the disturbance 80(0), and fed back a rotated and amplified version of it to the actuators (see Figure 14 .) The specific formulation was 57(6) = J:4(0 -)3)
where the gain k and rotation angle (3 are design variables. These variables are optimized in the same fashion as the gains and phases in the HFC control law: gain is fixed by saturation considerations, and stalling mass flow reduction is then tested for a complete sequence of 13's. This is followed by gain adjustment tests at the optimized /3.
The gain tuning procedure is less tedious than the HFC procedure because only two parameters need to be optimized. This control law has several other advantages. It is a fixed rather than dynamic controller, thus simply implemented. It is insensitive to the location of the distortion. According to simulation studies, it is also insensitive to the type of distortion introduced. This control law performed as well or better than any other control law tested. The effectiveness of the DF controller is also characterized by comparing the open and closed loop PSDs of the zeroth and first harmonics in Figure 16 .
Both PSDs were taken immediately prior to stall, to show the pre-stall behavior of the system. Thus the closed-loop PSDs are at a lower flow coefficient. Even at this more unstable condition, the DF controller suppressed the zeroth and first harmonics of the first mode by approximately 15 and 23 dB respectively.
The distributed feedback controller was both the best performer and the most insensitive to distortion type and location. Because the measured shape of the perturbation is used, this control law takes into account cross-feed effects while remaining insensitive to distortion location. The structure is also compatible with nonlinear behavior; as perturbations become larger and more localized, the control law responds accordingly.
Summary and Conclusions
The experiments reported in this paper represent the first systematic attempt to apply system identification and control theory to a compressor with circumferential inlet distortion. The behavior of such a dynamic system is qualitatively different than that of compressors in uniform flow and thus requires a different control strategy and approach.
Active control has been demonstrated to stabilize rotating stall with inlet distortion, extending the stable operating range of the compressor. Using our validated model, we can also show that the distributed feedback (DF) controller is insensitive to both the size and location of the distortion. Of course, our study is limited to 2D distortions, the system is incompressible, and the surge dynamics are relatively stable in this system. Also, the effects of rotating or otherwise unsteady distortions, which may be significant, were not considered.
Based on theory-experiment comparisons of (i) distortion profiles, (ii) compressor characteristics, (iii) unforced transients, (iv) eigenvalues, (v) transfer functions, and (vi) the effect of stabilizing control, the extended Hynes-Greitzer distortion model was found to be adequate to both describe phenomenology and to design control laws. Thus a tool exists for investigating extensions and different implementations. The predictions of the model were found to be accurate enough to allow working LQG control laws to be successfully implemented.
Other control laws, however, were found to have better performance. In particular, a new distributed feedback control law was introduced which achieves the best overall performance, extending the stable operating range by 3.7% for a worst case, practical distortion (DC(60)=0.53). Using this control law, approximately 40% of the operating range lost due to a 1.9 dynamic head (DC(60)=1.31) total pressure distortion was regained using active control.
Much extension of this technology is required to impact a real system. For instance, additional research is required to understand the physical limitations that determine maximum range extension. In addition, robustness to distortion as a (possibly three-dimensional) unsteady disturbance, the effects of lightly damped surge dynamics, and implementation in a high speed compressor must all be addressed. The results here indicate that the modeling and control concepts used are valuable for addressing these issues.
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